The glycoprotein family of collagens represents the main structural proteins in the human body, and are key components of biomaterials used in modern tissue engineering. A technical bottleneck is the deposition of collagen in vitro, as it is notoriously slow, resulting in sub-optimal formation of connective tissue and subsequent tissue cohesion, particularly in skin models. Here, we describe a method which involves the addition of differentially-sized sucrose co-polymers to skin cultures to generate macromolecular crowding (MMC), which results in a dramatic enhancement of collagen deposition. Particularly, dermal fibroblasts deposited a significant amount of collagen I/IV/VII and fibronectin under MMC in comparison to controls.
Introduction
The skin forms a protective barrier by preventing water loss and pathogen entry. It is made up of three major components; the stromal rich dermis 1 , a stratified epidermis 2,3,4 on top of it, and the dermo-epidermal junction in between 5, 6 . The dermis is composed largely of collagen and elastic fibers and is sparsely populated with fibroblasts 7 . In contrast, the cell-rich epidermis is composed of multiple layers of keratinocytes. The keratinocytes of the inner-most layer are proliferative and provide new basal cells which renew and replace terminally differentiating keratinocytes that constantly move to the outer-most layer of the skin and have lost their nuclei and cytoplasmic material, resulting in a cornified layer which undergoes desquamation.
The dermal-epidermal junction, a specific type of basement membrane, is a complex structure composed of interconnecting matrix molecules, which tethers the epidermis to the dermis. Collagen I fibers of the dermis interlace with collagen VII anchoring fibrils which are anchored to the collagen IV rich lamina densa. Anchoring filaments (laminin 5, collagen XVII and integrins) in turn connect the lamina densa with hemidesmosomes of basal keratinocytes. Basal keratinocytes (stratum basale) have the capacity to proliferate and renew, as well as differentiate and stratify to form the suprabasal layers; stratum spinosum, stratum granulosum, and finally the stratum corneum, which represents the contact surface of the skin with the environment. En route from the basal layer to the cornified layer, keratinocytes switch expression patterns of cytokeratins and finally undergo apoptosis and encase themselves in cornified envelopes, hulls of specific proteins that are covalently crosslinked by transglutaminase activity.
. However, unsolved problems remain pertaining to poor secretion of extracellular matrix proteins by the skin cells themselves and resulting in sub-optimal skin models. Furthermore, the time required to generate 3D organotypic skin co-culture using current protocols varies between four to eight weeks, a timeframe which could potentially be shortened with the incorporation of macromolecular crowders. Reducing culture time saves reagent cost, reduces the incidence of cell senescence and reduces the waiting time of the patient should the product be used in the clinic.
Macromolecular crowding (MMC) involves introducing specific macromolecules to the culture medium to generate excluded volume effects. These affect enzymatic reaction rates including the proteolytic cleavage of procollagen which is tardy under standard aqueous culture conditions [9] [10] [11] [12] [13] . Under MMC, enzymatic reactions are hastened without increasing the amount of reagents 14, 15 resulting in, in the case of procollagen cleavage, an increased amount of collagen I molecules in crowded cultures as compared to uncrowded controls 10 . As the conversion of procollagen to collagen allows the formation of collagen assemblies, fibroblasts cultured with MMC for 48 hours yielded significantly more collagen I as compared to uncrowded fibroblast cultures monitored for up to four weeks 11, 16, 17 . Besides effects on enzymatic activities that affect the formation, stabilization and remodeling of ECM, MMC also has been shown to directly enhance and modulate collagen fiber formation 18, 19 .
We present here a method to enhance the extracellular matrix (ECM) production by skin cells, in particular, dermal fibroblasts and epidermal keratinocytes. In addition, we show that the enriched ECM produced under MMC in monolayer cultures can be decellularized and used as pure cell-derived matrix (CDM).
We use a non-conventional approach to visualize and fully appreciate the ECM deposited by skin cells cultured with MMC. Interference reflection microscopy is typically used for studying cell-matrix interactions or cell-to-glass contact points. This technique was utilized in our system to view the total amount of matrix deposited on the glass surface. Interference reflection microscopy was coupled with fluorescent immunostaining to obtain the most amount of information in terms of extracellular matrix composition and pattern, in the presence and absence of MMC.
Organotypic skin co-cultures is a classical method to model the skin in vitro in a three-dimensional context. While two-dimensional co-cultures may provide significant information, it is limited when translating this data and applying it back to an in vivo environment, which is inherently a three-dimensional structure. Skin keratinocytes, in particular, are polarized and contain apical and basal segments which are essential for homeostasis and cell adherence. In addition, the expression of typical suprabasal proteins in keratinocytes above the basal layer, such as keratin 1, keratin 10 and filaggrin is only present in the course of stratification and terminal differentiation of keratinocytes. As terminal differentiation is hardly present in typical monolayer cultures, suprabasal protein expression is normally not achieved in this culture system. Therefore, organotypic cultures start submerged in culture medium, but are then lifted to an air-liquid interface to drive keratinocyte differentiation. This results in the expression of stratification markers, even cornification and a generally better reflection of epidermal physiology. While other groups have previously generated organotypic skin co-cultures successfully, the establishment of a functional dermo-epidermal junction zone has been an issue. Here, we present a new method for culturing organotypic skin co-cultures with an enhanced basement membrane, in a condensed time frame and without compromising the maturity of these constructs. This would provide skin mimetics for in vitro modeling, the study of skin biology and an assortment of screening assays. 
Western Blotting of Skin Cell Cultures
1. Wash cell layers twice with 1x PBS. 2. Aliquot 100 µl of lysis buffer (see Materials List) into each well (6-well plate format). Scrape the cell layer with a cell scraper and transfer solution into a microcentrifuge tube. 3. Centrifuge solution at 15,330 x g for 30 min at 4 °C. Transfer the supernatant to another microcentrifuge tube and discard the pellet. 4. Mix 13 µl of each sample with 5 µl of sample buffer and 2 µl of reducing agent (see Materials List). Heat samples at 95 °C for 10 min. 5. Centrifuge samples at 15,330 x g for 1 min to collect condensation water. Load samples into a pre-cast PAGE gel and run at 100 V for approximately 1 hr. 6. To transfer separated proteins to a nitrocellulose membrane, sandwich the gel and membrane between pieces of paper and sponges (of the same size). Ensure there are no bubbles between the gel, membrane, papers and sponges. Close the sandwich cassette and run the transfer at 70 V for at 2 hr. 7. To check if the transfer was complete, incubate the membrane with 10 ml Ponceau S. Wash membrane with 0.1% PBS-Tween-20, three times, 10 min per wash. 8. Block with 10 ml of 5% milk for 1 hr at room temperature. Wash membrane with 0.1% PBS-Tween-20, three times, 10 min per wash. 9. Incubate with 10 ml primary antibody for 90 min (mouse anti-collagen VII, LH 7.2, 1:1,000 dilution in 5% milk). Wash membrane with 0.1% PBS-Tween-20, three times, 10 min per wash. 10. Incubate with 10 ml secondary antibody for 30 min (goat anti-mouse-HRP, 1:2,000 dilution in 5% milk). Wash membrane with 0.1% PBS-Tween-20, three times, 10 min per wash. 11. Transfer the membrane to a cassette and add 1 ml of ECL Detection Reagent. Place a clear, thin plastic sheet over the membrane. 12. To detect chemiluminescence, place a light-sensitive film over the plastic sheet and close the cassette. After 2-5 min, remove the film from the cassette and place it into a developer. 
Discussion
Enhanced extracellular matrix is obtained upon introduction of macromolecular crowders to cell culture, owing to the excluded volume effect which increases the propeptide cleavage by proteinases. This results in extracellular matrix, in particular collagen, to be processed faster and deposited on the culture surface. While other groups have obtained thick fibroblast cell layers, it involved a culture time of several weeks 20 . In contrast, MMC described in this Protocol, dramatically shortens the culture time while increasing the amount of ECM. The increase in reaction rates in crowded cell cultures has also been reported in chondrocyte matrix deposition 21 , extracellular matrix organization 22, 23 and adipogenesis 24 .
After decellularization of crowded cell layers, cell-derived matrices are harvested and used for various tissue engineering applications, one of which is the seeding of secondary cell cultures on top of the cell-derived matrix 25, 26 
